Abstract: We propose a birefringence variation independent fiber-optic current sensor based on polarization diversity and a real-time state of polarization measurement technique.
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Introduction
Fiber-optic current sensor (FOCS), employing the Faraday effect for current measurement, has many advantages such as good insulation, resistance to electromagnetic interference and light in weight [1] . In practical applications, however, the performance of FOCS is limited by its reliability which is dependent on the intrinsic birefringence of the sensing fiber [2] . Standard single-mode fiber (SSMF) exhibits an intrinsic birefringence due to the residual stress and the non-circularity which cause the linearly polarized input light becomes elliptically polarized and resulted in a large degradation of the Faraday effect. The birefringence of SSMF is also susceptible to changes in temperature, strain, bending and twisting [3] , which implies that the sensitivity of FOCS may vary along with the environment perturbation. Many efforts have been done in order to overcome the degradation of the Faraday effect. The circularly birefringent fibers were used to suppress the residual birefringence [4] . However, they are still sensitive to the temperature fluctuation, and temperature compensation is necessary for the practical application [5] . The bending-induced birefringence could be reduced by using an annealing fiber, but the high-temperature annealing process may affect its mechanical strength [6] . The use of a fiber with ultra-low intrinsic birefringence can also mitigate the degradation of Faraday effect [7] . However, fiber coils are necessary in practical applications, which may introduce a bending induced birefringence and countervail the effect of using low birefringent fibers. Since the variation in birefringence of the sensing fiber due to the environmental perturbation is inevitable and unpredictable, the reliability and sensitivity of FOCS based on the polarization diversity technique without consideration of the influence of the linear birefringence may be largely degraded [8] .
In this paper, we propose a birefringence variation independent fiber-optic current sensor based on polarization diversity and a real-time state of polarization (SOP) measurement technique for the first time to the best of our knowledge. We theoretically and experimentally demonstrate the compensation for the degradation of Faraday effect due to the variation in birefringence of the sensing fiber. In experiment, a maximally 2 times higher sensitivity was achieved compared with that of the conventional one. We also investigated temperature dependence of proposed method and the maximal observed variation in sensitivity is as small as 6%. The proposed method exhibits good immunity to the random variation of birefringence and the real rotation angle due to the Faraday effect can be accurately detected.
Theoretical Study
In a FOCS, the Faraday effect is employed for the current measurement. If a linearly polarized light passes through a magneto-optic material in a magnetic field, the light experiences a polarization rotation [8] . The rotation angle is determined by the length of optical path, the intensity of magnetic induction and the Verdet constant of the material [9] . The relationship can be expressed as
where θ is the Faraday rotation angle, B is the intensity of magnetic induction and V is the Verdet constant. θ can be worked out by a polarization diversity technique using a polarization beam splitter (PBS), which splits the input light into two parts: the light propagating along the fast axis and slow axis. Fig. 1 shows the schematic of measurement of Faraday effect without and with the consideration of the birefringence. E i n and E out represent the polarization patterns of input and output light. E fout and E sou t represent the amplitudes of fast and slow components of the output electric field, respectively. When polarization state of the light is changed, the intensity of light along the fast and slow axis also changes. By detecting the intensity of output light from the PBS, θ can be obtained. Assuming that the sensing fiber is an ideal nonbirefringent fiber, θ can be calculated through
where P 1 and P 2 is the detected power of the light along the fast and slow axis, respectively. The quantity P is determined by P 1 and P 2 . Although (2) is widely used to analyze the Faraday rotation angle, this relationship becomes inaccurate in practical applications whose birefringence variation is not negligible. The birefringence in optical fiber leads to a phase shift between two signal components propagating along the orthogonal directions, which causes the output light becomes elliptically polarized as shown in Fig. 1(b) . The long axis and the short axis of the ellipse of the polarization plane are a and b. The SOP change due to the Faraday effect and ellipticity superimpose, and θ between a and the polarization direction of incident light is no longer the same as θ. In order to obtain the actual θ, it is necessary to work out how the birefringence influences the Faraday rotation angle. According to [10] , [11] , we suppose that the linear birefringence and the circular birefringence are distributed uniformly along the sensing fiber. The Jones matrix of the sensing fiber can be expressed as
where E xout and E yout are output, E xi n and E yi n are input light components along x axis and y axis, respectively, which orients an angle to the fast axis and slow axis. δ is the birefringence of the sensing fiber and σ is defined as
The relationship between the detected power P 1 , P 2 and θ can be revised as [12] 
It can be observed that θ is determined by both the detected power P 1 , P 2 , and δ. Since δ is mainly resulted from the random disturbance and intrinsic birefringence of the sensing fiber, the real-time birefringence of the fiber should be measured to acquire the actual θ. In addition, the sensitivity is relative to both the input polarization state and δ [12] . Therefore, we use a polarization controller (PC) consisted of a pair of collimators, two quarter wave plates and a half wave plate to determinately adjust the input polarization state of the sensing fiber. The transmission matrix of the PC can be expressed as
where
ϕ 1 , ϕ 2 and ϕ 3 are the angles between slow axis of the three wave plates and x axis, respectively. The real time SOP of output light from PC can be calculated from its input SOP. Suppose the polarized light is expressed as
and its normalized Stokes parameters can be expressed as
where ψ is the angle between polarization direction and x axis and δ is the phase difference between the two orthogonal light components along x and y axis. δ can be obtained as
In order to measure the real-time birefringence of the sensing fiber, we use a polarization analyzer (PA) as shown in Fig. 2 to work out the SOP of the output light.
The input light is equally divided into 4 channels by a 1 × 4 splitter. The beam in Ch.1 is directly detected by a photodetector (PD) and provides the total power S 0 . The beam in Ch.2 passes through a horizontal polarizer and provides a basis for the measurement of S 1 . The third beam passes through a 45 degree polarizer and forms the basis for measurement of S 2 .The fourth beam passes through a quarter-wave plate and a 45 degree polarizer to obtain S 3 . The Stokes parameters can be obtained by
where I 1 , I 2 , I 3 , and I 4 are the detected light power of the four channels, respectively. By comparing δ 2 of the output light and δ 1 of the input light of the sensing fiber, δ can be calculated as
As a result, we can dynamically compensate the degeneration on Faraday effect due to the birefringence of the sensing fiber using (5) with the real-time SOP measurement. We theoretically studied the Faraday rotation angle without (θ 1 ) and with (θ 2 ) birefringence compensation using (2) and (5), respectively. 1 − θ 1 /θ 2 represents the degradation of Faraday effect due to the birefringence of the sensing fiber and the results are shown in Fig. 3 . It can be observed that the degradation becomes more serious with the increase of δ. For a given δ, with the increasing of quantity P , a larger degradation, namely, a larger difference in calculated Faraday rotation without and with the compensation is observed. Moreover, the degradation is different under the same birefringence because that the output SOP is determined not only by δ, but also by the input polarization state. It should be noted that there is not always exist a real value of θ 2 for arbitrary combination between P and δ. For δ = 40
• , the available P ranges from 0 to 0.91 and the worst degradation is 26%. For δ = 140
• , however, the available P ranges from 0 to 0.19 and the degradation ranges from 74% to 82%.
Experimental Results
The experimental setup with compensation of the real-time birefringence variation in the sensing fiber using SOP measurement technique is shown in Fig. 4 . A linearly polarized distributed feedback (DFB) laser with a wavelength of 1550 nm and an output power of 4 dBm was used as the light source. The SOP of linear polarized light from the laser was measured and almost constant during the experiment. In order to realize deterministic control of the input SOP of the sensing fiber, the light from the DFB laser was coupled to a PC, which consists of two quarter-wave plates and a half-wave plate. The SOP of the light from the PC was obtained by the output SOP of the laser using (6) . Then the phase shift δ 1 of the input light of the sensing fiber can be calculated by (10). For a FOCS, the length of sensing fiber is important to the current sensing performance. On one hand, the system sensitivity increases along with the interactive length between the light and the magnetic field. On the other hand, for current measurement scenarios requiring a large measuring range, shorter sensing fiber is desired to ensure that the total rotation angle is within π. In experiment, we used a 250 m-long SSMF coil as the sensing medium which was wound with a 300-turn copper solenoid. The inner diameter of the fiber coil was 13 cm with a fiber coil turns of 624. The output light from the sensing fiber was then equally divided into two parts. One was injected into the PBS and the other was injected into the PA. The real-time SOP of the output light of the sensing fiber was obtained by PA and the phase shift δ 2 of the output light could be calculated by (10) . The difference of δ 2 and δ 1 indicates the total birefringence of the sensing fiber. The output signal of PD was sampled and analyzed using a data acquisition device (DAQ) with a sampling rate of 60 MSamples/s. The obtained birefringence of the sensing fiber as well as the signal out of the PBS were used to calculate the accurate Faraday rotation angle and the degradation effect induced by the birefringence could be compensated.
The dependence of θ 1 and θ 2 on the current intensity under different δ was shown in Fig. 5 and their slopes represent the sensitivities of the system. It should be noticed that the sign of the slope stands for the rotation direction of polarization plane. When the angle between the direction of magnetic field and lightwave is within a range from 0 to π/2, the sign is positive; when the angle is within a range from π/2 to π, the sign is negative. The blue line represents δ of the sensing fiber at different current intensity. Different weights were placed to the sensing fiber to change the pressure of the fiber which simulated variation of birefringence in practical applications. It can be observed that not only the environmental disturbance but also the current could influence δ. It can be also observed that Faraday rotation angle and δ change linearly along with the increasing of the current while the degeneration of Faraday effect becomes more serious at a larger δ. When δ is 25.22 degrees, the detected sensitivity of the system taking the birefringence into account is 1.445 degree per ampere and the degradation on Faraday effect without the compensation of the birefringence is 3.1%. When δ becomes as large as 108.73 degrees, however, the degradation without the compensation of the birefringence largely increases to 51.0%.
The dependence of degradation on δ is shown in Fig. 6 . The variation of δ was realized by both adjusting the applied strain and current on the sensing fiber. The experimental results agree well with the theoretical ones. When δ is close to zero, it is acceptable to use θ 1 as Faraday rotation angle. The degradation without birefringence compensation is less than 10% when δ is within a range from 0 to 45 degrees. When δ increases to 90 degrees, the degradation measured by traditional polarization diversity technique increases to 37%. For a larger δ, 107.78 degrees for example, the degradation is as large as 50%, which means that the sensitivity doubles by compensating the birefringence of the sensing fiber.
In practical application, the birefringence properties of the sensing fiber are susceptive to environment changes such as temperature variation. We explored the temperature dependence on both δ and the Faraday rotation angle. We chose a 100 m-long SSMF coil as the sensing medium wound with the same 300-turn copper solenoid with consideration of both the sensitivity and the time required to achieve equilibrium. The sensing head was placed in a water bath during the experiment. First, the temperature of the water bath was continuously increased from 15 to 45 degrees Celsius with no current applied to the copper solenoid. The variation of the birefringence of the fiber coil and Faraday rotation angle are shown in Fig. 7(a) and (b) , respectively. During the heating time of 700 s, δ changed from −23.4 degrees to −33.9 degrees and the Faraday rotation angle changed accordingly from −7.1 to −34.6 degrees. It can be observed that the change of δ is not linear during the heating process, which was mainly caused by the non-uniformity in the temperature increase rate during the heating process. However, the Faraday rotation angle changes almost linearly along with the time. The drop of the viscosity of the optical fiber coating may cause the drift phenomenon of the Faraday rotation angle along with the temperature variation [13] . These results imply that it is of great importance to compensate the real-time birefringence variation in the sensing fiber for the Faraday rotation angle measurement.
We adopted an intermittent heating method to verify the temperature dependence of the sensitivity of the system. We stopped heating and waited the temperature to be stabilized with an interval of every few degrees Celsius. Then we recorded the instantaneous changes in the Faraday rotation angle by applying a current of 3 ampere. The change of the Faraday rotation angle along with the gradient increasing of the temperature is shown in Fig. 8(a) . In the experiment, we keep the current source on or off for several seconds to wait for the temperature and Faraday rotation angle to be stable. The shift quantity of Faraday rotation angle at discrete times represents the rotation angle induced by current at different temperature. It can be observed that although the Faraday rotation angle with or without current applied changes along with the temperature, The measured Faraday rotation angle keeps almost the same during the whole heating process.
The dependence of the system sensitivity on temperature is shown in Fig. 9 . The measurable sensitivity is relative to the relationship of the input polarization statement and actual birefringence of the fiber. For a given input polarization state, the sensitivity would experience a complex trigonometric behavior. Since the input polarization state of the sensing fiber keeps as a constant during the heating process, the measurable sensitivity is not constant all the same in theory. The maximal and minimal sensitivity observed is 1.342 and 1.265 degree per ampere, and the maximum variation in the sensitivity with a temperature change of 30 degrees Celsius is as small as 0.077 degree per ampere and the error is within 6% in our experiment.
Conclusion
We propose a birefringence variation independent fiber-optic current sensor based on polarization diversity and a real-time state of polarization measurement technique. We theoretically and experimentally demonstrate the compensation for the degradation of Faraday effect due to the variation in birefringence of the sensing fiber. In experiment, a maximally 2 times higher sensitivity was achieved compared with that of the conventional one. We investigated temperature dependence of proposed method and the observed maximal variation in sensitivity is as small as 6%. The proposed method exhibits good immunity to the random variation of birefringence and is promising for practical current monitoring applications.
